Introduction
All cells currently living on this planet are products of successive rounds of cell divisions that started 3.8 billion years ago. Making identical copies of long stretches of DNA with a high fidelity in every cell division cycle is a daunting task. Equally amazing, however, is the ability of cells to remove all entanglements created between the duplicated DNA strands and to convert them into a pair of compact structures that are transportable to two daughter cells. At a very early stage of evolution, cells devised a sophisticated protein machine that is capable of dealing with these challenges. When the cell nucleus was invented to create eukaryotes 2.0 billion years ago, the machine evolved into even more competent forms to manage everincreasing sizes of their genomes. Consequently, these fascinating protein machines, collectively known as condensins, are among the most conserved classes of chromosomal proteins and are now distributed widely among the three domains of life. Condensins are large protein complexes, at the core of which lies a V-shaped dimer of SMC (structural maintenance of chromosomes) ATPase subunits. By taking advantage of their distinctive architecture, condensins actively fold, tether, and manipulate DNA strands, participating not only in chromosome assembly and segregation during cell divisions, but also in many aspects of large-scale chromosome organization and regulation.
In the current Review, I will focus on recent progress in the field of condensin research. I will start with the molecular architecture and potential mechanisms of action of condensins and discuss how two different condensin complexes collaborate to organize mitotic and meiotic chromosomes in vertebrate cells. I will then survey studies in other model organisms, both eukaryotes and bacteria, and dissect condensins' action from an evolutionary point of view. Finally, emerging functions of condensins in supporting interphase chromosome organization will be discussed. The primary goal of this Review is to discuss how the unique architecture of condensins has acquired a diverse array of chromosomal functions during evolution. Due to limitations of space, not all aspects of condensin biology, e.g., a thorough treatment of meiotic roles in different organisms, will be covered here.
Molecular Architecture of Condensins
The condensin complexes are present in all eukaryotes, most of which have two different types of complexes, known as condensins I and II ( Figure 1A , left and center). It is assumed that the last eukaryotic common ancestor (LECA) had ancestral forms of both condensins I and II and that some species, including fungi, have lost condensin II during evolution (Hirano, 2012) . Eukaryotic species having condensin II only have not been found thus far. Many if not all bacterial and archaeal species have primitive types of condensins. Among them, the best-studied example is SMC-ScpAB from Bacillus subtilis (Figure 1A, right) . A subgroup of g-proteobacteria, which includes Escherichia coli, has a distantly related complex, MukBEF.
SMC Dimers
The core of the condensin complexes is a dimer of large polypeptides (1,000-1,300 amino acids) that belong to the SMC family of chromosomal ATPases. An SMC dimer adopts a highly characteristic V shape in which two ATP-binding ''head'' domains are located at distal ends of two long coiled-coil ''arms.'' The opposite ends of the two arms dimerize to form the ''hinge'' domain ( Figure 1B , SMC dimer). Eukaryotic condensins I and II share a heterodimer of SMC2 and SMC4 as their core subunits, whereas the core of bacterial condensins is a homodimer of SMC or MukB (see Box 1 for cohesins, another representative class of eukaryotic SMC complexes). The ATP-binding domains of SMC proteins resemble those of ATP-binding cassette (ABC) transporters, and their ATP-binding and -hydrolysis cycle modulates engagement and disengagement of the two head domains ( Figure 1C) . Structures of the hinge domain and coiled-coil arms have been probed by protein crystallography and biochemical crosslinking (Griese et al., 2010; Soh et al., 2015; Barysz et al., 2015) .
The coiled-coil arms of SMC proteins are very long, the length of which (50 nm) is equivalent to the length of 150 bp of doublestranded DNA (dsDNA). It is interesting to notice that this length is highly conserved among bacterial and eukaryotic SMC proteins (Melby et al., 1998) . In contrast, the length of the coiledcoil arms of ''SMC-like'' Rad50/SbcC proteins is variable (Connelly and Leach, 2002) , suggesting that the length conservation must have a mechanistic ground that is uniquely associated with the action of SMC proteins. One of the plausible ideas would be that the coiled-coil length is directly related to the physical properties of DNA. Might it be a mere coincidence that the length is close to the persistence length of dsDNA (Marko, 2015) ? To what extent might the coiled-coil arms be flexible compared with dsDNA? Whatever the answers, biophysical data will likely provide important insights into the mechanisms of action of SMC proteins going forward and should figure into hypothesis generation.
Non-SMC Subunits
One of the non-SMC subunits of the condensin complexes belongs to a kleisin family of proteins, which are also conserved between bacteria and eukaryotes. A kleisin subunit is composed of two winged-helix domains (WHD) located at the N and C termini and a central disordered region. The length of the central region is variable, making bacterial kleisins much shorter than eukaryotic kleisins. A recent study in B. subtilis has demonstrated that the N-terminal WHD of ScpA binds to the ''neck'' region of an SMC subunit, whereas its C-terminal WHD binds to the ''cap'' region of another SMC subunit within a dimer (Bü rmann et al., 2013) . Thus, the bacterial SMC-kleisin trimer adopts an asymmetric architecture ( Figure 1B , SMC-kleisin). The tripartite ring of cohesins has a similar asymmetric architecture (Gligoris et al., 2014; Huis in 't Veld et al., 2014) , implicating that the same scheme would also be applied to eukaryotic condensins I and II, each of which has a unique kleisin subunit.
Beyond the SMC-kleisin trimeric subcomplexes, bacterial and eukaryotic condensins start to diverge considerably. In bacteria, B. subtilis ScpB and E. coli MukE have recently been classified into a new family of proteins (designated as ''kite'') that is composed of tandem WHDs (Palecek and Gruber, 2015) . ScpB forms a homodimer through its N termini and binds to ScpA in an asymmetric fashion (Kamada et al., 2013) , thereby producing the SMC-ScpAB holocomplex with a stoichiometry of 2:1:2. The stoichiometry of the E. coli MukBEF complex is less clear (Woo et al., 2009; Badrinarayanan et al., 2012) . This is, in part, because the E. coli kleisin MukF, unlike ScpA, forms a stable dimer on its own. In eukaryotes, the kleisin subunits of condensins I and II are bound by distinct pairs of large subunits containing HEAT repeats ( Figure 1B, holocomplex) , a degenerated repeat motif composed of an array of short helices. The eukaryotic HEAT subunits are drastically different from the bacterial kite subunits in their sizes and structures, implicating that acquisition of the HEAT subunits during evolution might have provided condensins with elaborate abilities to manipulate and handle increasing lengths of eukaryotic chromosomes. A potential contribution of the eukaryote-specific HEAT subunits to the assembly of chromosome axes will be discussed in a later section.
Interactions of Condensins with DNA and Beyond
Topological Entrapment of DNA Accumulating lines of evidence during the past years have substantiated the idea that cohesins topologically entrap DNA strands within their ring-like structure (Nasmyth, 2011) . Recent biochemical studies have nicely recapitulated the entrapment reaction using purified proteins in vitro Uhlmann, 2014, 2015) , although the question of exactly how cohesin holds two sister chromatids together remains under debate (e. g., Eng et al., 2015) . Experiments using minichromosomes isolated from yeast cells (Cuylen et al., 2011) and those involving in vivo crosslinking in B. subtilis (Wilhelm et al., 2015) have provided evidence in favor of the idea that condensins are capable of a similar mechanism of topological entrapment. Continuous efforts should critically compare and contrast the actions of condensins and cohesins and further clarify their similarities and differences (see also Box 1). In particular, mechanistically how the entrapment reaction might be accomplished is poorly understood. The reaction is likely to involve a composite array of DNA-protein interactions. Indeed, evidence is available that an SMC dimer has multiple DNA-interacting regions (Hirano and Hirano, 2006; Kim and Loparo, 2016) , and a recent study has identified a DNA-binding activity in the HEAT subunits of condensin I as well (Piazza et al., 2014) . It is also of interest to ask whether the SMC head domains might functionally crosstalk to the hinge domain, which is located 50 nm away-and if so, how. The long coiled-coil arms could bend to allow the hinge domain to directly interact with the head domains (Yoshimura et al., 2002; Murayama and Uhlmann, 2015) . Alternatively (or in addition), the SMC dimer laterally lies on a DNA strand, thereby initiating concerted actions of the hinge and head domains on DNA (Hirano and Hirano, 2006) . Elucidating the role of the ATP-binding and -hydrolysis cycle is of great importance too. One scenario would be that ATP-driven head-head engagement and subsequent ATP hydrolysis help to disrupt an SMC-kleisin interface (Woo et al., 2009) , thereby opening the otherwise closed DNAentry gate to start off topological entrapment ( Figure 1D ). Furthermore, it is possible that the SMC ATPase cycle has additional regulatory functions beyond the postulated entrapment reaction and contributes to large-scale assembly of chromosomes, as discussed in a later section. Interactions with Chromatin-Coated DNA How might eukaryotic condensin complexes act on their physiological templates, namely, nucleosome fibers? Although purified condensin I is able to bind to naked DNA even in the absence of ATP (Kimura and Hirano, 1997) , recent studies have provided evidence that targeting of condensin I to remodeled chromatin templates requires ATP binding in both Xenopus egg cell-free extracts (Kinoshita et al., 2015) and a chromatid reconstitution system using purified components (Shintomi et al., 2015) . Thus, condensin I could interact with chromatin templates and naked DNA through distinct mechanisms, at least in part. Although it has been proposed that the N-terminal tail of histone H2A acts as a chromatin ''receptor'' for condensin I (Tada et al., 2011) , recent data from the chromatid reconstitution system do not support such a proposal (Shintomi et al., 2015) .
Beside the targeting mechanism, an equally important question is mechanistically how condensins might act to fold nucleosomal fibers. An early study demonstrated that condensin I is able to introduce positive superhelical torsion into naked DNA in an ATP hydrolysis-dependent manner (Kimura and Hirano, 1997) . Although the physiological significance of this activity remains to be fully established, it is worth speculating how the equivalent action might induce conformational changes in
Box 1. Comparing and Contrasting Condensins and Cohesins
Cohesins, another representative class of eukaryotic SMC protein complexes, play a central role in sister chromatid cohesion during mitosis and meiosis (Nasmyth, 2011) . Recent studies highlight their participation in gene regulation, in close collaboration with the insulator CTCF. Apart from their distinct cellular functions, it is very important to compare and contract condensins and cohesins at a mechanistic level and to clarify similarities and differences between the two classes of eukaryotic SMC protein machines. The subunit organization of cohesins shares many similarities to that of condensins: a mitotic cohesin complex, for instance, is composed of a distinct pair of SMC subunits (SMC1 and SMC3): a kleisin subunit (Scc1/Rad21) and a HEAT subunit (Scc3/SA). Notably, however, cohesins and condensins display substantially different conformations, as judged by electron microscopy (Anderson et al., 2002) . The hinge of cohesins' SMC dimer is wide ''open,'' creating a ring-shaped complex in which the regulatory subunits bridge the two SMC head domains. In contrast, the hinge of condensins is ''closed,'' making them a rod-shaped complex. The differences in the architecture of cohesins and condensins immediately suggest that their DNA interaction modes are not identical, even if they share a basic mechanism of topological entrapment. In fact, although biochemical studies directly comparing condensins and cohesins in the same assays have been limited (Losada and Hirano, 2001; Cuylen et al., 2011) , the available data already indicate remarkable differences in their activities. It will also be of importance to determine whether condensins' hinge could transiently ''split'' to allow DNA's entry into the inter-arm space, as has been proposed for the action of cohesins (Nasmyth, 2011) . Another notable difference lies in their cellular dynamics and regulation. Cohesins have specialized loading and unloading factors (Nasmyth, 2011) , whereas no corresponding factors dedicated to condensins have been identified thus far. It is important to note that chromosomal interactions of condensins are much more dynamic than those of cohesins in vivo (Gerlich et al., 2006) . Accordingly, the ATPase rates measured with purified condensins in vitro are much higher than those measured with cohesins (Shintomi and Hirano, 2007) . Together with the recent finding that mitotic chromatids can be reconstituted in vitro with a defined set of purified components (Shintomi et al., 2015) , it would be fair to conclude that condensins are essentially autonomous, being able to fulfill their basic actions without specialized loading factors. It is also possible that the highly dynamic nature of condensins makes it difficult to localize their specific binding sites along chromosome arms by conventional ChIP-seq analyses (Jeppsson et al., 2014) .
nucleosomal arrays (Hirano, 2014) . When positive superhelical torsion is applied with magnetic tweezers, nucleosomal arrays are subjected to plectonemic supercoiling while keeping their left-handed state of DNA wrapping (Bancaud et al., 2006) . In contrast, tetrasomes composed of (H3-H4) 2 easily lose their left-handed state, thereby responding very differently from the standard octasomes to torsional stress (Vlijm et al., 2015) . In this regard, it is intriguing to note that octasomes, but not tetrasomes, act as a productive substrate for mitotic chromatid assembly in the aforementioned reconstitution system (Shintomi et al., 2015) . It has also been demonstrated that FACT, a histone chaperone that transiently destabilizes octasomes, is required for the reconstitution reaction. Taken all together, it is reasonable to hypothesize that controlled assembly of ''dynamic'' octasomes is an essential prerequisite for the action of condensin I and that superhelical torsion could indeed act as part of the mechanisms that help fold and compact nucleosome fibers. FACT is best known for its ability to promote transcriptional elongation on chromatin templates. Exploring mechanistic parallels (and conflicts) between transcription-driven and condensinmediated conformational changes of chromatin would be an exciting target of future investigation. Chromosome Axis Assembly Condensins are most likely to make a direct contribution to the shaping of eukaryotic chromosomes, but the exact molecular mechanisms behind this process are unknown. Random crosslinking of a chromatin fiber would result in the formation of a spherical mass, and specific mechanisms need to be in place to explain the linear organization of eukaryotic chromosomes (Alipour and Marko, 2012) . Although classical experiments hinted at a proteinaceous axial structure within an intact chromosome, its physiological relevance has long been controversial (Belmont, 2002) .
A recent study implicated the HEAT subunits of condensin I in the assembly of chromosome axes (Kinoshita et al., 2015) . In cell-free extracts derived from Xenopus eggs, single chromatid structures could be assembled when a recombinant holocomplex of condensin I was added back into extracts depleted of both condensins I and II. When the holocomplex was replaced with a mutant subcomplex lacking one of the HEAT subunits (CAP-G), a condensin-positive, abnormally thin axis was surrounded by a fuzzy mass of bulk chromatin. The mutant complex was preferentially incorporated into chromosome axes that had been preassembled with the holocomplex and actively elongated them in an ATP hydrolysis-dependent manner. In contrast, a mutant subcomplex lacking another HEAT subunit (CAP-D2) failed to assemble axes on its own and disrupted (rather than elongated) preassembled axes. Thus, the two HEAT subunits of condensin I have apparently antagonistic roles in regulating dynamic assembly of chromosome axes.
Then what is the molecular nature of these chromosome axes? A single HEAT unit is composed of two amphipathic helices, and tandemly repeated HEAT arrays form a highly elastic, solenoidal shape whose conformation drastically changes depending on their binding partners or environments (Grinthal et al., 2010; Yoshimura et al., 2014) . It is tempting to speculate that this peculiar property of HEAT repeats in itself underlies dynamic assembly and elastic behaviors of chromosome axes. If this idea were correct, then the interior of chromosomes would be packed with dense arrays of amphipathic helices. When such crowded helices are exposed to a high-salt buffer, their hydrophobic surfaces would mediate and stabilize artificial protein-protein interactions, thereby producing large protein-DNA aggregates. Thus, the occurrence of HEAT repeats in the condensin subunits might provide a molecular explanation for salt-induced stabilization of ''chromosome scaffolds,'' a substructure that was hypothesized to form the backbone of mitotic chromosomes in classical studies (Paulson and Laemmli, 1977) . Future experiments should clarify mechanistically how the proposed HEAT-mediated interactions among different condensin complexes might be under the control of SMC ATPase activities and help contribute to the establishment and maintenance of rod-shaped chromosomes in eukaryotes.
Chromosome Organization by Two Condensin Complexes in Vertebrates
The finding that most eukaryotic species have two different condensin complexes has raised a number of fundamental questions in chromosome biology. Why do the two condensins exist widely among eukaryotes? To what extent do they have distinct functions, and how are they differentially regulated in space and time? This section focuses on recent studies in vertebrates that attempt to address these questions.
Conditional Knockout Studies in Mice
A pair of recent genetic studies has shown that condensins I and II are both essential for early embryonic divisions in mice (Nishide and Hirano, 2014; Houlard et al., 2015) . Simultaneous depletion of condensins I and II from neuronal stem cells (NSCs) caused severe defects in chromosome assembly and segregation, eventually leading to p53-induced apoptosis (Nishide and Hirano, 2014) . Individual depletions of condensins I and II caused slower loss of NSCs along with distinct mitotic defects. Thus, the two condensin complexes have both overlapping and non-overlapping functions in NSC divisions. The same is true for meiotic chromosome segregation in oocytes, although condensin II apparently plays a predominant role over condensin I during meiosis I (Houlard et al., 2015) . Notably, the oocytes depleted of condensin II, but not those depleted of condensin I, failed to enter anaphase I, indicating that condensin II is required for silencing the spindle assembly checkpoint. This is in sharp contrast to mitosis in which depletion of condensin I, but not of condensin II, caused delay in mitotic progression (Nishide and Hirano, 2014) . It is most likely that these observations reflect different chromosomal regions to which spindle tension is applied between mitosis and meiosis: tension is imposed on inner centromeric chromatin whose rigidity depends on condensin I in mitosis (Uchida et al., 2009 ), whereas tension is imposed on chromatid arms whose rigidity largely depends on condensin II in meiosis I (Lee et al., 2011) .
Condensin Paradox Resolved
An early study employing immunodepletion of condensins from Xenopus egg cell-free extracts led to complete failure of chromatid formation, whereas subsequent genetic depletion utilizing RNA interference or transcriptional repression in vivo caused relatively mild defects in chromosome assembly. This discrepancy, often referred to as the ''condensin paradox,'' raised the possibility that a condensin-independent mechanism(s) might exist that helps assemble rod-shaped chromosomes (Gassmann et al., 2004) . Two special features of the experimental system used by Houlard et al. (2015) have enabled them to readdress this question. First, by knocking down condensin subunits at an early stage of oogenesis, it was possible to deplete condensin subunits to an undetectable level by the time meiosis I started. Second, the unique geometry of bivalent chromosomes in meiosis I made it easy to probe the longitudinal rigidity of chromosomes. In this setup, near-complete loss of both condensins led to very severe defects in chromosome assembly, reminiscent of those observed in cell-free extracts depleted of condensins, suggesting that the previous depletion studies in vivo had assessed hypomorphic phenotypes caused by incomplete depletions.
An essential requirement for condensin I in chromosome assembly has also been demonstrated by the recently developed, mitotic chromatid reconstitution system (Shintomi et al., 2015) . In this system, mitotic chromatids could be reconstituted in vitro by incubating sperm chromatin with only six purified factors: core histones, three histone chaperones (nucleoplasmin, Nap1, and FACT), topoisomerase II (topo II), and condensin I. When condensin I was omitted from the assembly mixture, remodeled chromatin displayed a fuzzy mass of chromatin without any sign of thread formation, providing perfectly complementary evidence that condensin I indeed has the ability to ''drive'' the formation of mitotic chromatids. Furthermore, it was demonstrated that Cdk1 phosphorylation of condensin I is the sole mitosis-specific modification required for chromatid reconstitution. Thus, this remarkably simple system paves a new avenue for dissecting the detailed mechanisms of action of condensins. Balancing and Sequential Acts of Condensins I and II Shape Mitotic Chromosomes How might condensins I and II collaborate to assemble mitotic chromosomes? A quantitative immunodepletion approach in Xenopus egg cell-free extracts demonstrated that condensin II contributes to axial shortening of chromatids, whereas condensin I supports their lateral compaction . A similar result was obtained in a genetic study involving transcriptional repression in chicken DT40 cells (Green et al., 2012) . Importantly, the two condensin complexes are subjected to distinct spatiotemporal regulations during the cell cycle. Condensin II is located within the nucleus during interphase, initiates its action as early as in S phase (Ono et al., 2013) , and participates in an early phase of chromosome assembly in mitotic prophase. Condensin I gains access to chromosomes only after nuclear envelope breakdown in prometaphase. These and other pieces of information allow us to propose a model for vertebrate chromosome assembly (Figure 2A ). According to this model, condensin II initiates loop formation through a mechanism such as chiral looping (Hirano, 2012) or loop extrusion (Alipour and Marko, 2012) . Subsequent higher-order assembly leads to linear organization and axial shortening of chromosomes. This step could involve HEAT-mediated condensin-condensin interactions (Kinoshita et al., 2015) or condensin-dependent crosslinking of distant DNA strands (Kschonsak and Haering, 2015) . Condensin I would then contribute to lateral compaction of chromosomes by reinforcing the axes and by further organizing the loops possibly through its supercoiling activity (Kimura and Hirano, 1997) . Although this scenario emphasizes division of labor of the two condensin complexes, it is important to note that they have overlapping functions, too, and that condensin I can compensate lack of condensin II at least partially, for instance, in Xenopus egg cell-free extracts.
A Hi-C analysis in human cells has shown that megabasesized local structures of interphase chromatin, known as the topologically associating domains (TADs), disappear during mitosis (Naumova et al., 2013) . Computational modeling based on the Hi-C data suggested that stochastic, consecutive looping could underlie the assembly of mitotic chromosomes. This simple picture is largely compatible with the model for the action of condensins proposed above. It should be stressed that the chromosome axes depicted in Figure 2A are by no means a static structure. Even when their assembly is apparently complete, their structural maintenance depends on a continuous, active turnover of condensin complexes (Gerlich et al., 2006; Kinoshita et al., 2015) . Interestingly, a very recent study has demonstrated that TADs correspond to cytological bands of polytene chromosomes in Drosophila (Eagen et al., 2015) , although the relationship between TADs and bands observed in diploid mitotic chromosomes remains unknown. One possible scenario to explain all of these observations is that each TAD is transiently ''dissolved'' into <0.1 megabase-sized loops during mitosis, resulting in apparent disappearance of its identity as judged by Hi-C. The epigenetic character of each TAD, however, is preserved during mitosis and can frequently be visualized as a cytological band that is composed of more than ten chromosomal loops. Future experiments should address and clarify the question of how the individual molecular activities postulated here might be coordinated with each other to support the series of large-scale conformational changes of chromosomes throughout the cell cycle.
Evolutionary Insights into Condensin-Based Chromosome Organization
One of the most remarkable features of condensins is their ancient origin (Hirano, 2012) . Comparative studies of condensins in a wide array of bacterial and eukaryotic model organisms now provide deep insights into the evolutionary conservation and diversity of condensins' action in chromosome segregation (Figure 3) . Information from Eukaryotic Model Organisms As discussed above, condensins I and II are both essential for early embryonic and neural stem cell divisions in mice (Nishide and Hirano, 2014) . Surprisingly, however, it has been demonstrated that condensin II is dispensable for mitotic chromosome segregation in some organisms, including Drosophila melanogaster (Oliveira et al., 2007) and Arabidopsis thaliana (Sakamoto et al., 2011) . The same is true for the primitive red alga Cyanidioschyzon merolae (Fujiwara et al., 2013) , which might share many cellular properties with the last eukaryotic common ancestor (LECA; Figure 3 , path #1). In these organisms, condensin I plays an essential role in mitosis, whereas condensin II is used for specialized interphase and/or meiotic chromosome functions. It is nonetheless curious to find that condensin II is enriched at the centromere/kinetochore region in mitotically dividing cells in D. melanogaster and C. merolae, just like in human cells (Hirano, 2012; Fujiwara et al., 2013) . Thus, the most ancient function of condensin II could have been to resolve sister centromeres.
It is reasonable to speculate that the LECA's fortuitous possession of two distinct condensin complexes had provided great opportunities and plasticity for the subsequent evolution of chromosome architecture and dynamics in eukaryotes. In some organisms, including fungi (e.g., Saccharomyces cerevisiae and Schizosaccharomyces pombe) and the ciliate Tetrahymena thermophila, genes encoding condensin-II-specific subunits were lost, and condensin I took over the job of condensin II at centromeres (Figure 3, path #2) . In higher eukaryotes, including mammals, a small fraction of condensin II remained at kinetochores, but the bulk of condensin II spread along whole arms, acquiring an additional job of axial shortening (Shintomi is recruited to the parS sites proximal to origins (yellow circles) and helps their segregation by forming SMC foci (or the condensation center). Another more mobile population of SMC (light magenta) functions along whole regions of chromosomes and contributes to their segregation. (C) Anaphase chromosome segregation in C. merolae. Upon entry into mitosis, condensin II accumulates at clustered centromeres and participates in their resolution by metaphase. Condensin I associates broadly with arms by metaphase and promotes their segregation in anaphase. Green et al., 2012) (Figure 3, path #4) . Moreover, a very intriguing product of evolution is found in C. elegans. Although this organism possesses both condensin complexes, condensin II is predominant over condensin I during early embryonic divisions (Csankovszki et al., 2009) (Figure 3 , path #3). This is most likely to be related to the fact that C. elegans has unique ''holocentric'' chromosomes in which numerous kinetochores assemble along the entire length of chromosomes. In fact, C. elegans condensin II localizes near kinetochores, displaying a parallel-line distribution along mitotic chromosomes in the embryo (Hagstrom et al., 2002) . Thus, how evolution might have shaped the flexible use of condensin II in different eukaryotic species is a very exciting question to be clarified in the future.
Information from Bacteria
In B. subtilis, the major population of condensin is recruited to centromere-like parS sequences in a manner dependent on the parS-binding protein ParB/Spo0J, thereby helping to promote segregation of origin-proximal regions following DNA replication (Gruber and Errington, 2009; Sullivan et al., 2009) . In fact, a pair of recent Hi-C studies has provided evidence that this population of SMC recruited by ParB to parS contributes to a largescale conformational change of bacterial chromosomes (i.e., juxtaposition of DNA sequences flanking parS sites) (Marbouty et al., 2015; Wang et al., 2015) . It is important to note, however, that SMC most likely carries out its essential functions independently of ParB because parB mutants display a much milder defect in chromosome segregation than smc mutants, and that the current Hi-C techniques are apparently unable to detect conformational changes of chromosomes supported by the ParB-independent population of SMC (Wang et al., 2015) . A sin- It is most likely that the last universal common ancestor (LUCA) had an ancestral form of condensins that helped segregate duplicated chromosomes. Then the cell nucleus was invented to create eukaryotes (''eukaryogenesis''). It is reasonable to predict that the last eukaryotic common ancestor (LECA) had ancestral forms of both condensins I and II. Among the currently existing organisms, chromosomes of C. merolae might retain many properties of those of LECA (path #1). See the text for the three possible paths of eukaryotic chromosome evolution depicted here (paths #2-4). The genome size (Mb) of each organism is shown in red.
gle-molecule imaging analysis in vivo has also provided evidence for the existence of two distinct populations of B. subtilis SMC (Kleine Borgmann et al., 2013) . Thus, although exciting pieces of information have been accumulating, further studies will be required to clarify the relative contributions of the different populations of condensins to the organization and segregation of B. subtilis chromosomes. It will also be crucial to understand to what extent the basic mechanisms of condensin-based chromosome organization are shared between B. subtilis and E. coli, in particular, because E. coli lacks the ParB-parS system . It is possible that E. coli has a distinct mechanism that helps enrich MukBEF to origin-proximal regions (Danilova et al., 2007) . What Is Common between Eukaryotes and Bacteria? At first glance, the basic mechanisms of chromosome organization and segregation are radically different between eukaryotes and bacteria. Eukaryotic and bacterial condensins act on different substrates (Hirano, 2014) . Eukaryotic cells utilize the mitotic spindle for transporting duplicated sister chromatids, whereas bacteria have no such machinery. On the other hand, if one considers that sister chromatids in eukaryotes are already well resolved by metaphase before they are subjected to poleward movement in anaphase, it is reasonable to hypothesize that this ''resolution'' process in eukaryotes is mechanistically equivalent to the ''segregation'' process in bacteria (Figure 2A and 2B) , and in fact they share many mechanistic similarities.
The first similarity is found in their spatiotemporal regulation. In human cells, condensin II initiates its action as early as in S phase and helps resolve duplicated regions of chromosomes (Ono et al., 2013) , closely mirroring a crucial contribution of bacterial condensins to origin segregation Wang et al., 2014) . Upon entry into mitosis, eukaryotic condensin II contributes to an early step of chromosome assembly, being enriched at the inner part of axes by metaphase. Condensin I, which is more mobile than condensin II, associates with the outer part of chromosomes to complete their assembly (Figure 2A ). These behaviors of the two condensin complexes are reminiscent of those of the two populations of B. subtilis condensin (Kleine Borgmann et al., 2013) (Figure 2B ). The segregation scheme of C. merolae could be placed just between the vertebrate and bacterial schemes ( Figure 2C ). In C. merolae, condensin II accumulates almost exclusively at centromeres, which segregate early by metaphase, whereas condensin I is more broadly distributed along arms, which segregate late in anaphase (Fujiwara et al., 2013) . Notably, in both B. subtilis and C. merolae, loss of the early segregation machineries does not cause severe segregation defects at least under laboratory growth conditions. These observations, although somewhat counterintuitive at first sight, implicate that the early-acting machineries have evolved to increase the fidelity of chromosome segregation supported by the more general, late-acting machineries.
The second similarity lies in a close collaboration between condensins and decatenases, a class of DNA topoisomerases that catalyzes removal of dsDNA entanglements. In E. coli, a direct interaction between MukB and ParC, a subunit of the bacterial decatenase (topo IV), is detectable in vitro (Vos et al., 2013) , and topo IV is recruited by MukBEF to replication origins to help decatenation of newly replicated origins in vivo (Nicolas et al., 2014) . In eukaryotes, condensins promote topo-II-mediated sister DNA decatenation in vivo (Baxter et al., 2011; Charbin et al., 2014) and chromatid individualization in vitro (Shintomi et al., 2015) . Along this line, Marko (2015) has discussed a theoretical background of how lengthwise compaction of DNA strands might help remove their entanglements. Another unresolved mechanistic question common to both eukaryotes and bacteria is how condensins might avoid intermolecular DNA bridging and instead form intramolecular DNA loops. Loop extrusion starting from a single binding site offers a possible scenario (Alipour and Marko, 2012; Wang et al., 2015) , but other possibilities cannot be excluded as well (Hirano, 2014; Cheng et al., 2015) . There is no doubt that further comparison of bacterial and eukaryotic condensins not only will shed new light on the evolutionary origins of the segregation machineries, but also will help us to understand the fundamental aspects of chromosome segregation through both theoretical and experimental approaches.
Interphase Chromosome Organization by Condensins
In many eukaryotes, condensin II is located within the nucleus during interphase, whereas condensin I is exported out of the nucleus after mitotic exit. Although the nuclear functions of condensin II are not fully understood, some important insights have been provided from genetic studies in D. melanogaster. Homologous chromosomes are paired in somatic diploid cells in this organism, and condensin II subunits were identified as factors that suppress such somatic homolog pairing (Joyce et al., 2012) (Figure 4A ). Consistently, an earlier study had demonstrated that condensin II plays a role in antagonizing transvection, a regulatory process in which a gene is activated or repressed in trans by regulatory elements located on homologous chromosomes (Hartl et al., 2008) . In polyploid nurse cells, condensin II subunits contribute to the formation of chromosome territories after polytene chromosomes are disassembled (Bauer et al., 2012) (Figure 4B ). Condensin II also helps to prevent hyperclustering of pericentromeric heterochromatin (known as chromocenters) in mouse NSCs and neurons (Nishide and Hirano, 2014) (Figure 4C ). All of these processes involve forces separating chromosomes or chromatids, implicating that condensin II might utilize a similar if not identical molecular mechanism in both interphase and mitosis. Not surprisingly, condensin II's interphase functions are tightly regulated. For example, MCPH1, a protein whose mutations cause primary microcephaly in humans, functions as a highly specific and potent inhibitor of condensin II (Yamashita et al., 2011) , whereas the SCF slimb ubiquitin ligase complex targets the kleisin subunit of condensin II for degradation in Drosophila (Buster et al., 2013) . C. elegans possesses a third condensin complex related to condensin I (condensin I DCC ) that specifically targets X chromosomes in hermaphrodites and confers dosage compensation (Meyer, 2010) (Figure 4D ). In the condensin I DCC complex, one of the SMC subunits of condensin I (SMC-4) is replaced with an SMC4 variant (DPY-27). A recent study combining Hi-C, FISH, and genetic analyses has demonstrated that condensin I DCC remodels hermaphrodite X chromosomes by converting them into a specific conformation that consists of regular 1-Mb domains resembling mammalian TADs (Crane et al., 2015) . The condensin I DCC complex forms TAD boundaries, and mutations preventing condensin I DCC binding to X chromosomes make their structure similar to that of autosomes, providing a unique case in which a condensin-like complex has a capacity to contribute to TAD formation during interphase. Despite the excellent example of C. elegans condensin I DCC , it remains obscure whether canonical condensins I and II bind to specific sites along chromosome arms to execute their functions. It is also unclear to what extent the current ChIP-seq technology has the ability to reliably detect binding sites of proteins that dynamically interact with chromosomes, such as condensins (Jeppsson et al., 2014) . Moreover, if condensins utilize a stochastic looping mechanism to assemble mitotic chromosomes (Naumova et al., 2013) , then population-based assays may fail to delineate their binding sites as discrete ''peaks'' along chromosome arms. Recent ChIP-seq studies have nonetheless reported that a fraction of condensins is enriched at active promoter regions in chicken DT40 cells (Pferdehirt et al., 2011; Kim et al., 2013) , mouse embryonic stem cells (Dowen et al., 2013) , and C. elegans embryos (Pferdehirt et al., 2011; Kranz et al., 2013) . The physiological significance of these observations remains to be established. In S. cerevisiae, an early ChIP study detected condensin's association with active tRNA genes (D'Ambrosio et al., 2008) . More recent studies in S. pombe have shown that condensin accumulates at mitotically upregulated and heat-shock-inducible genes in a transcription-coupled manner (Nakazawa et al., 2015) and that attenuation of transcription restores chromosome segregation in cells with a reduced level of condensin activity (Sutani et al., 2015) . Although direct involvement of condensins in transcriptional regulation, either positively or negatively, cannot be ruled out, one possible scenario would be that S. pombe condensin uses its reannealing activity (Akai et al., 2011) to reduce unwound DNA produced during transcription and prepares for mitotic chromosome assembly (Sutani et al., 2015) . In this regard, it will be of interest to perform a genome-wide survey of DNA supercoiling domains throughout the cell cycle (Naughton et al., 2013) and to test how condensins might affect such topological landscapes.
Concluding Remarks
Since the discovery of the condensin complexes almost two decades ago, our understanding of large-scale chromosome structures has been facilitated and deepened. Despite exciting progress during the past several years, as discussed in the current Review, many outstanding questions remain ahead of us. First, the physical properties of DNA and chromatin fibers should be considered more seriously (Marko, 2015) . For example, only a limited number of single-molecule approaches have been applied so far to the study of condensins (Strick et al., 2004; Cui et al., 2008; Kim and Loparo, 2016) . Of particular interest will be to test for functional interactions between eukaryotic condensins and nucleosome fibers at a single-molecule level. The recently established, chromatid reconstitution system will also be instrumental in further addressing how condensins might fold nucleosome fibers. Second, genome-wide approaches, including the Hi-C techniques, are just beginning to unveil condensin-dependent mechanisms of chromosome organization from unprecedented angles and resolutions. A comprehensive set of data available from these approaches should provide the firm base for mathematical modeling and simulation of chromosome architecture and dynamics (Naumova et al., 2013; Cheng et al., 2015) . Finally, the research field of condensins offers an excellent example in which studying a diverse array of model organisms greatly enriches our understanding of a biological phenomenon from an evolutionary point of view. As biologists living in the genomics era, we always have to keep Dobzhansky's famous quotation in mind: ''Nothing in biology makes sense except in the light of evolution'' (Dobzhansky, 1973) .
